A 2,2 0 -bipyridine-appended ferrocene rotor, 1,1 0 -di(5-yl-ethynyl-2,2 0 -bipyridine)ferrocene, can be switched from a folded/stacked (syn)
Chemically and electrochemically induced expansion and contraction of a ferrocene rotor † Synøve Ø. Scottwell All the cellular processes of life are carried out by biological (nano)-molecular machines. 1 Inspired by these systems chemists have begun to develop switchable synthetic molecular machines. 2 While there have been some spectacular successes, including synthetic rotary motors, 3 molecular muscles, 4 and sequence-specific peptide synthesis machines 5 the vast majority of synthetic systems developed are based on complex and difficult to synthesise mechanically interlocked architectures (MIAs). 6 The challenging and laborious synthesis of these MIAs has led to increasing efforts to develop potentially synthetically more accessible non-interlocked molecular machines. 7 In particular systems incorporating metal ions are becoming more and more common due to the favourable kinetic and thermodynamic properties of the coordination bonds.
8
The reversible electrochemistry 9 and molecular ball-bearing 10 properties of ferrocene (Fc) derivatives 11 have made them useful building blocks for the development of non-interlocked synthetic molecular machines. 12 We and others have exploited ferrocene to develop electrostatically driven two-state switches (Fig. 1) . 13 We have shown that pyridyl and 2,2 0 -bipyridyl (bpy) 1,1 0 -disubstituted ferrocenes 13c initially adopt the stacked syn-conformation due to the electronic preference of the ferrocene and favourable p-p interactions.
Introduction of charge to the ferrocene ''arms'', either by protonation or metallation with Pd 2+ ions, induced rotation to the anticonformation to minimise the electrostatic repulsion between the cationic substituents of the ferrocene rotors. 13c Deprotonation or addition of chloride ions removed the electrostatic repulsion restoring the initial stacked syn conformation. 13c Other workers 13a,b have generated electrochemical switchable systems by incorporating redox-active organic arms into the ferrocene rotors. Herein we build on our previous work 13c and develop ferrocene rotor systems that can be switched from the syn to anti conformation by the complexation/decomplexation of a copper 6,6 0 -dimesityl-2,2 0 -bipyridine fragment. A combination of electrostatic and steric repulsion destabilises the syn conformation upon complexation generating the anti rotamer. This extension and contraction process was completely reversible and could be triggered either chemically or electrochemically.
The ethynylferrocene rotors (1a-b) and model (2a-b) systems were readily synthesised using modified literature procedures (ESI †). 13b,15 were used to determine the relative energies of a series of different rotation conformers of 1a-b (the angles between the ferrocene ''arms'' of 1a-b was varied from À1801 to 1801 and the compound energy minimised). These calculations showed, as expected, that the stacked, fully eclipsed (syn) rotamers (angle = 01) were the lowest energy conformations for both 1a and 1b by 3 and 6 kJ mol
À1
, respectively (ESI, † Fig. S82 and S86). Additional evidence for the stacked (syn) conformation was obtained from X-ray crystallography ( Fig. 3a and ESI †). The molecular structure of 1a clearly showed that the bipyridine substituents are stacked (centroid-centroid distances 3.636 and 3.716 Å) and the ferrocene cyclopentadiene (Cp) rings are eclipsed, with a dihedral angle of 1.581 (Fig. 3a) between the substituents consistent with the 1 H NMR spectral and computational data.
Reaction of either 1a, 1b or 2a in acetonitrile (CH 3 CN) solution with [Cu(CH 3 CN) 4 ](PF 6 ) and the sterically bulky bipyridine ligand 6,6 0 -dimesityl-2,2 0 -bipyridine 16 (3) was accompanied by a colour change from yellow/orange to red/brown indicative of complexation (Scheme 1(i) and ESI †). Due to the combination of electrostatic and steric repulsion generated upon complex formation it was expected that the ferrocene rotor units (1a and 1b) would switch conformation from the syn to the anti rotamer. An examination of the 1 H NMR spectra of the complex [Cu(1b)(3)](PF 6 ) 2 , the rotor 1b and the corresponding model compound 2b provided experimental support for this syn to anti conformation switch View Article Online on complexation. As discussed above, the proton resonances of the methylpyridinum unit of 1b are shifted upfield relative to those of the model compound 2b, indicating that the di-armed ferrocene rotor adopts a stacked (syn) conformation in solution (ESI, † Fig. S38 ). Upon complexation to the copper(I) 3 complex the proton signals of the methylpyridinum unit shift downfield to values that are almost identical to those observed from the model compound 2b indicating that the pyridinum arm of the copper(I) complex is no longer p-stacked (ESI, † Fig. S41 (Fig. 2e ) indicated that the complex had quantitatively re-formed. This chemically driven syn-to-anti switching process could be repeated a number of times (45) indicating that switching was completely reversible (ESI, † Fig. S47 ). However, the method led to the build-up of waste byproducts (Cu(II)-cyclam) which is uneconomical and could potentially lead to the loss of function. 20 Therefore we explored alternative switching methodologies. The electrochemical Cu(I)/Cu(II) switching process developed by Sauvage et al. 21 for the generation of a range of MIAs molecular switches and machines seemed ideal.
22
The CV (100 mV s
À1
, acetone, 0.1 M NBu 4 PF 6 ) of the [Cu 2 (1a)(3) 2 ]-(PF 6 ) 2 rotor complex displays two chemically reversible processes at 0.64 and 0.85 V respectively (Fig. 4 red/ , thereby confirming the transfer of two and one electrons, respectively. These results confirmed that the first process is the Cu(I) to Cu(II) oxidation while the second is the oxidation of the ferrocene to ferrocenium.
The CV experiment was then carried out in the presence of two equivalents of 2,2 0 :6 0 ,2 00 -terpyridine (5). The anodic potential sweep showed the two peaks corresponding to the Cu II/I and ferrocenyl oxidation processes. On the reverse scan, only the reduction of the ferrocenium back to ferrocene is observed. No peak corresponding to the reduction of the [Cu 2 (1a)(3) 2 ] 4+ complex was observed.
Instead proceeding in the cathodic direction, a peak corresponding to the reduction of the pentacoordinated [Cu(5)(3)](PF 6 ) 2 complex was observed at À0.10 V (Fig. 4 black trace) . This electrochemical behaviour is very similar to that observed by Sauvage et al.
in their
MIAs systems. Bulk electrolysis in the presence of two equivalents of 2,2 0 :6 0 ,2 00 -terpyridine (5) was accompanied by a colour change from deep red/ brown to yellow, the same as was observed for the chemical switching process with cyclam (ESI, † Fig. S81 ). Spectroelectrochemistry (acetone, 0.1 M Bu 4 NPF 6 , OTTLE cell, ESI, † Fig. S80 ) of the [Cu 2 (1a)(3) 2 ](PF 6 ) 2 complex confirmed that during the bulk oxidation the MLCT band (l max = 476 nm) decreases until a spectrum consistent with ''free'' 1a is generated. ESI-MS analysis of the 2,2 0 :6 0 ,2 00 -terpyridine (5) 
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